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In this issue of Structure, Leyrat and colleagues provide the first structural analysis of the human metapneu-
movirus (HMPV) matrix protein, a key regulator of viral assembly. Though structurally similar to other matrix
proteins, two calcium binding sites suggest intriguing differences in regulation.Human metapneumovirus (HMPV), a
member of the paramyxovirus family,
was first identified in 2001 in samples
from children with respiratory tract dis-
ease (van den Hoogen et al., 2001). Sur-
prisingly, HMPV is not a newly emerging
virus, but instead is both a worldwide
pathogenpresent in thehumanpopulation
since at least 1958 and a major cause of
acute respiratory tract infection in chil-
dren, elderly, and immunocompromised
populations. In the last decade, studies
of HMPV have revealed intriguing similar-
ities and differences between HMPV and
other paramyxoviruses and provided
important insights into this important viral
family (Schildgen et al., 2011).
The small, negative-sense RNA ge-
nomes of paramyxoviruses encode be-
tween six and ten genes whose products
together must promote the critical pro-
cesses of viral infection. The matrix (M)
protein is the master regulator of virus
assembly, promoting formation of an
infectiousparticle by coordinating interac-
tions with the nucleocapsid (N) protein,
which coats the viral genome and the
glycoproteins that decorate the mem-
brane surface. M protein interactionswith membranes and key host factors
are also thought to be critical factors in
viral assembly and budding (Harrison
et al., 2010). Although a number of para-
myxoviruses interact with ESCRT family
members to promote budding, HMPV
assembly is ESCRT independent (Sabo
et al., 2011), as are the assembly path-
ways of the closely related respiratory
syncytial virus (RSV) and avian meta-
pneumovirus. A conserved YAGL motif
(Figure 1A, red) in HMPV M is important
for infectious particle formation (Sabo
et al., 2011), and interactions with the
fusion and attachment glycoproteins
have been shown to promote budding
(Loo et al., 2013). However, little informa-
tion is available about the molecular
mechanisms that allow HMPV M to
coordinate interactions with a variety of
partners.
In the last decade, structures of two
other paramyxovirus M proteins, RSV M
(Money et al., 2009) and Newcastle dis-
ease virus (NDV) M (Battisti et al., 2012),
and structures of VP40 from the closely
related filoviruses (Bornholdt et al., 2013;
Dessen et al., 2000) have been solved.
In this issue of Structure, Leyrat et al.(2014) describe the structure of the
HMPV M protein using both a crystal
structure and corresponding solution bio-
physical studies. A number of key con-
served features are observed, including
an overall structure consisting of a b sand-
wich fold (Figure 1A; Protein Data Bank
[PDB] 2VQP) and the location of residues
important for membrane interactions.
Additionally, paramyxovirus and filovirus
matrix proteins have tandem b sandwich
folds (N-terminal domain [NTD] and
C-terminal domain [CTD]), likely the result
of a gene duplication event (Figure 1A).
Analysis of the HMPV M protein struc-
ture and results from molecular dynamic
and small angle X-ray scattering studies
indicate that the M dimer is an important
conformational state for function. More-
over, these studies suggest a structural
basis for the role for M protein in pro-
moting the matrix array curvature needed
for viral budding. Leyrat et al. (2014)
observe that the HMPV M protein forms
a dimer in the crystal as well as in solution
with an extensive dimer interface (Leyrat
et al., 2014). This differs from the reported
RSV M structure (Money et al., 2009),
for which a monomer was observed.14 ª2014 Elsevier Ltd All rights reserved 5
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Figure 1. Structural Features of M Protein from HMPV
(A) The crystal structure of HMPV M (from Leyrat et al., 2014: PDB 2VQP)
reveal a Ca2+ binding site in the NTD. Inset: Ca2+ coordinating protein resi-
dues.
(B) A schematic consistent with the HMPV dimer (left) and contacts that are
important for function and higher order oligomerization (right).
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PreviewsHowever, the RSV structure
lacked a critical C-terminal
helix that may be important
for dimeric interactions (Bat-
tisti et al., 2012). All structural
studies to date of M proteins
suggest that structural plas-
ticity is critical for M proteins
to fulfill distinct roles during
various stages of the viral
replication cycle through
alternate dimer and higher
order oligomer formation.
In the case of HMPV and
NDV, the basic building block,
the dimer, is formed through
NTD-CTD interactions (Fig-
ure 1B left). In contrast, a
recent study showed that
Ebola virus VP40 forms
discrete dimers through
NTD-NTD interactions (Born-
holdt et al., 2013). Despite
these differences in the dimer
formation, all M proteins,
including HMPV M and Ebola
virus VP40, form higher order
assemblies through NTD-
NTD and CTD-CTD interac-tions, where interactions between NTD
and CTD result in interfaces that are crit-
ical for function (Figure 1B right). Although
both domains are important for struc-
tural configurations, membrane asso-
ciation appears to be largely driven
by basic residues in the CTD. Intriguingly,
the linker between the N and C terminus
appears to be unresolved in all structures
and is likely dynamic, but may play
a role in conformational changes in
response to interactions with the mem-
brane or other binding partners, such as
the nucleocapsid protein. Collectively,
these studies highlight the structural
plasticity of the M proteins as an
important property critical for M protein
interactions with several binding partners
during different stages of the viral repli-
cation cycle. Future studies to further
characterize dynamics and interrogate
the dimeric interfaces (i.e., NTD-CTD,
NTD-NTD, and CTD-CTD) are likely
to provide insights into the contributions
of HMPV M and other M proteins to viral
replication and assembly.
The most surprising element of the
HMPV M structure is the presence of
a Ca2+ binding site within the NTD
(Figure 1A), because such sites have not6 Structure 22, January 7, 2014 ª2014 Elsevibeen observed in previous M protein
structures. Although the sequence at key
Ca2+ coordinating residues is similar in
RSV and HMPV M, no Ca2+ binding was
observed in the RSV structure. The latter
observation may be a result of the pres-
ence of chelating agents (EDTA) in the
crystallization solution (Money et al.,
2009). The presence of Ca2+ in the final
electron density of the HMPV structure is
further supported by molecular dynamics
(MD) simulations. In addition, these MD
simulations identify a potential second
Ca2+ binding site, although this observa-
tion remains to be experimentally vali-
dated. It has been long appreciated that
viral M proteins play critical roles in new
viral particle generation through their
interactions with multiple binding part-
ners, including host proteins, viral pro-
teins, and cellular membranes. This new
structure of HMPV M suggests that Ca2+
binding to HMPVMprotein may represent
an additional layer of the regulation of
these important interactions. Data
presented by Leyrat et al. (2014) indicate
that Ca2+ binding promotes thermal
stability of HMPV M, with a 25 shift in
thermal melting, and likely increases in
structural rigidity, suggesting that Ca2+er Ltd All rights reservedbinding may be important for
the structural integrity of the
virus. Although the currently
available data have not con-
firmed that Ca2+ binding also
promotes additional con-
formational changes within
HMPV M, such a scenario
would allow regulation of in-
teractions with host or viral
factors via calcium binding.
Key interactions with the
negatively charged plasma
membrane and the viral
glycoprotein cytoplasmic tails
are likely to occur through the
highly basic CTD, but Ca2+
binding at a site in NTD could
influence M protein confor-
mation and therefore affect
association with membranes
and/or glycoprotein tails.
HMPV M interactions with
the HMPV N protein likely
involve the region of M facing
away from the membrane,
and, thus, the role of Ca2+ in
modulation of M-N inter-
actions is an exciting area offurther research, especially as these inter-
actions may regulate the shift from viral
replication to assembly.
If calcium is a modulator of HMPV M
protein-protein or protein-lipid interac-
tions during the course of viral infection,
it is likely that intracellular calcium con-
centrations may be altered during the
course ofHMPV infection in a virus depen-
dent manner. Calcium levels are generally
carefully regulated, but a growing body of
literature attests to the ability of viruses to
alter calcium homeostasis, resulting in an
environment that favors key viral pro-
cesses. Viral infection has been linked to
altered activation of calcium channels on
the plasma membrane, stimulation of
calcium release from endoplasmic reticu-
lum (ER) stores, changes in mitochondrial
membrane permeability to facilitate
changes in calcium localization, anddirect
alterations of ER and/or Golgi membrane
integrity by viral proteins to allow calcium
release (Zhou et al., 2009). In the last few
years, the rotavirus NSP4 protein has
been shown to be a viroporin that allows
calcium release from the ER, leading to
increases in autophagy that are critical
for rotavirus replication (Crawford et al.,
2012). Although it remains to be seen if
Structure
PreviewsHMPV infection alters calcium homeosta-
sis, it is intriguing to note that the small
hydrophobic (SH) protein of the closely
related RSV is a viroporin that allows
cation-specific transport across mem-
branes (Gan et al., 2008). HMPV also has
an SH protein that has properties of a
viroporin (C. Masante and R.E. Dutch,
unpublished data). The observation by
Leyrat et al. (2014) that HMPV M protein
can bind Ca2+ suggests that, like rotavi-
ruses and others, HMPV may com-
mandeer cellular calcium regulation to
promote viral pathogenesis.
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